Many of the world's wetlands may be profoundly affected by climate change over the coming decades. Although wetland managers may have little control over the causes of climate change, they can help to counteract its effects through local measures. This is because direct anthropogenic impacts, such as water extraction and nutrient loading, work in concert with climate change to damage wetlands. Control of these local stressors may therefore ameliorate undesired effects of climate change, such as a shift towards dominance by invasive floating plants, increasingly frequent cyanobacteria blooms, or extinction of key species. Using the iconic Doñana wetlands in Spain as a case study, we illustrate how the concept of creating a "safe operating space" may be implemented to better ensure that ecosystems do not surpass thresholds for collapse during an era of global change.
F reshwater wetlands, many of which are global biodiversity hotspots, provide a range of important ecosystem services such as the provision of drinking water and food resources, flood prevention, erosion control, and nutrient retention. However, most wetlands have been destroyed or degraded since 1900 (Davidson 2014) , and those that remain are among the most imperiled ecosystems in the world (Strayer and Dudgeon 2010) . Their conservation is particularly challenging, requiring coordinated action across complex and often extensive watersheds (Dudgeon et al. 2006) .
Although many of the world's most important wetlands are protected, they are still affected by a range of threats. For example, water extraction and pollution have caused severe degradation of several important wetland ecosystems in spite of their protected status (Panel 1). In addition to these local threats, climate change is widely expected to increase the stress on remaining wetlands (Junk et al. 2013) . Here, we present a framework for wetlands management that moves beyond the traditional approach of treating each threat in isolation, explicitly recognizing how climate change acts in tandem with other threats, and offering ways to confront and cope with uncertainty, risk, and change in these complex ecosystems. We focus on Doñana in southwest Spain (Panel 2 and Figure 1 ), an iconic World Heritage Site within the Mediterranean region (Scheffer et al. 2015a) , as an example.
J The safe operating space concept First proposed by Rockström et al. (2009) , the concept of a "safe operating space" focused on respecting nine boundaries in order to keep the Earth system in a desired state. A central element of the concept is that many of the Earth system's processes act in a nonlinear way and are sensitive around threshold levels of key variables. If these thresholds are crossed, severe and sometimes irreversible change can occur (eg melting of ice sheets or collapse of monsoon circulations). There is considerable uncertainty in the nature as well as the precise value of such thresholds. This uncertainty is taken into account by defining the boundary of the safe space at a reasonable distance from these thresholds. Recently, the concept of a safe operating space has been adapted as a framework to guide managing ecosystems affected by climate change (Scheffer et al. 2015a) . The central idea is that management of local stressors may enhance ecosystem
In a nutshell:
• Wetlands provide vital services such as water supply or recreation but are often degraded by human activities, such as those that extract freshwater and lead to eutrophication • Climate change exacerbates this anthropogenic degradation, causing shifts into undesirable states with fewer services • These synergetic effects can be avoided by reducing existing local impacts and keeping the system within a "safe operating space" where it remains resilient to climate change • It is vital to identify the thresholds of interacting stressors because once these thresholds are exceeded this will lead to losses in biodiversity and ecosystem services AJ Green et al. Creating a safe operating space for wetlands resilience to reduce the risk of climate change-induced shifts to less desired states that provide fewer ecosystem services (Figures 2 and 3 ). Various studies (eg Scheffer et al. 2001) suggest that relatively abrupt changes in ecosystem state may be a common phenomenon in wetlands when stressor thresholds are exceeded (Figure 2a ). Recognizing these thresholds is key to effective management of wetlands (Kelly et al. 2015) .
Scientists' understanding of the response of wetlands to local stressors and their interactions is improving. Often, reducing one local stressor may promote tolerance to another local stressor and, as we will show, may also increase resilience to climate change. Eutrophication and water losses are both local stressors acting synergistically with climate change (see below). As a direct consequence, ecological resilience to the effects of climate change may be enhanced by reducing the negative effects of these local stressors (ie moving from line I to line II in Figure 2b ). One implication is that controlling local stressors may allow the creation of a safe operating space in the face of a changing climate (Figure 3) . Below, we elaborate on how this framework fits the management of wetlands, using Doñana as a case study.
J Interacting stresses on wetlands

Climate change and nutrient loading
The combination of nutrient loading and climate warming represents an "allied attack" on wetlands (Moss et al. 2011) . Shallow lakes and ponds have welldocumented tipping points where excessive nutrient loading may lead to dominance by blue-green algae (cyanobacteria) or floating plants, triggering losses in biodiversity and ecosystem services (Scheffer 2004) . Climate warming also promotes both cyanobacteria and floating plants (Moss et al. 2011; Kosten et al. 2012) . Cyanobacteria may be toxic, threatening wildlife as well as drinking water supplies. Floating plants contribute to shading and promote anoxic conditions in the water column, creating a favorable environment for toxic bacteria such as Clostridium (Anza et al. 2014) but an unfavorable one for other aquatic life (Peeters et al. 2013) . Both cyanobacteria and floating plants are often considered as symptoms of eutrophication given their association with nutrient loading, but while most floating plants are limited to smaller ponds and sheltered marshes, cyanobacteria will also dominate large open-water systems (Scheffer 2004) .
With respect to aquatic invertebrates, eutrophication and higher temperatures work in combination to reduce levels of dissolved oxygen, causing lethal and non-lethal effects (Verberk et al. 2016) . Other aspects of climate change, such as increased frequency of extreme events such as storms, can also interact with eutrophication. Nutrient over-enrichment increases the growth rate of scrub vegetation in coastal lagoons but reduces their resistance to damage from hurricanes (Feller et al. 2015) .
Paradoxically, the synergy in the "allied attack" from nutrient loading and climate change may offer beneficial options for management. For instance, data from lakes across various climate zones suggest that a 33% reduction in total nitrogen concentration may offset the increased probability of cyanobacterial dominance expected to result from 1°C warming (Kosten et al. 2012) . Similarly, a 10-30% reduction in phosphorus levels may counter the effects of 1°C warming during winter on floating plant expansion in temperate regions (Peeters et al. 2013) .
In the case of Doñana (Panel 2), situated within the delta of the Guadalquivir River, 80% of its original marsh surface area has been converted, mainly for agriculture. Agricultural runoff, intense urbanization, inadequate wastewater treatment, and extensive hydrological modifications have led to high nutrient loading to the remaining wetlands (Serrano et al. 2006; Olías et al. 2008; Mendez et al. 2012; Espinar et al. 2015) . Creating a safe operating space for wetlands
Higher winter temperatures confer a competitive advantage to floating plants (Peeters et al. 2013) , and minimum winter temperatures have increased in Doñana since 1950. The combined increases in temperature and phosphorus loading have enabled the invasion and spread of the alien floating fern Azolla filiculoides since 2001 (Espinar et al. 2015) . Similarly, toxins associated with frequent cyanobacterial blooms (Microcystis, Pseudanabaena, and Anabaena) have been implicated in mass mortalities of fish and waterbirds, including globally threatened species (López-Rodas et al. 2008) . High temperatures and high nutrient loads also jointly contribute to promote conditions conducive to outbreaks of avian botulism, which can have a major impact on waterbirds (Anza et al. 2014) ; repeated outbreaks have occurred in Doñana (Contreras de Vera et al. 1992) .
Climate change and water extraction
Reduction in groundwater levels and runoff flows in wetlands resulting from water abstraction in the catchment have major impacts on biodiversity and ecosystem functioning. Anoxic conditions, higher temperatures, and increasing salinity affect most species before wetlands dry out completely. Extraction has shortened the hydroperiod (time spent inundated) of many wetlands, causing numerous local extinctions (Panel 1).
The effects of water extraction and a warming climate synergistically result in the loss of many ecosystem services ( Figure 4 ). When subject to climate change, two processes may lead to drying conditions: (1) higher tem-
Figure 2. A safe operating space is defined as an area delimited by boundaries with respect to thresholds and uncertainty in the response of an ecosystem to various stressors. (a) Response of an indicator of the state of an ecosystem (eg water clarity) to a stressor (eg nutrient load) can take different forms (eg curves i, ii, or iii). The uncertainty in the shape and in the threshold level is accounted for by taking the boundary of the safe operating space at some distance from the best estimate of where the threshold is. (b) The safe level for local stressors can decrease under a different climate (see main text). This implies that the currently safe level for a local stressor (I) should be lowered (II)
to ensure that the system stays within the safe operating space. Note that the particular shape of the boundary curve is for illustrative purposes only, and will vary depending on the interactive effects of stressors. Panel (b) is adapted from Figure 1 in Scheffer et al. (2015a) . Figure 2b ) to more strict levels (upper arc corresponding to position II in Figure 2b ). We consider Doñana to be currently positioned closer to the lower arc than to the upper one.
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Creating a safe operating space for wetlands peratures and higher wind velocities increase evapotranspiration as well as evaporation and (2) altered precipitation regimes. Precipitation is projected to increase in higher and moist mid-latitude regions but to decrease in the Mediterranean and other mid-latitude regions, in subtropical arid regions, and in semi-arid regions (Collins et al. 2013) . Despite increasing as a result of its spatial distribution, global mean precipitation may not influence global wetland extent as much as warming climatic conditions (Melton et al. 2013) . In addition, dry seasons will become drier, even in regions where the mean climate becomes wetter (Kumar et al. 2014) . So, for many wetlands, the net result of climate change will be a reduction of available water, which will exacerbate reduced base flows of incoming streams and rivers due to water extraction in the catchment area, and to the lowering of water tables as a result of groundwater extraction.
In the case of Doñana (Panel 2), groundwater extraction for agriculture -including strawberry farms -has reduced flow rates in streams that feed the marsh system by roughly 50% over the past 20 years (Custodio et al. 2009 ; GuardiolaAlbert and Jackson 2011) and a decrease in groundwater levels of more than 6 m in some areas of the aquifer during the same period. Groundwater extraction for an expanding beach resort has also lowered the water table, and the hydroperiod of temporary ponds has been reduced by up to 2 months over a 20-year period (WebPanel 1). Indeed, the reduction in groundwater discharge as a result of abstraction for irrigation and urban supply in recent decades matches the reduction predicted due to climate change this century (GuardiolaAlbert and Jackson 2011) . Historical reductions in the hydroperiod have already led to the loss of globally threatened waterfowl that once used the Doñana marshes as a breeding area (Madroño et al. 2004) .
Synergetic effects between nutrient loading and water extraction
Irrespective of climatic change, local stressors will often interact to affect ecosystem functioning. Loss of water through extraction or diversion upstream tends to increase the concentrations of dissolved matter in surface waters, leading to higher concentrations of nutrients and contaminants (especially organic and inorganic persistent pollutants). Water extraction lowers water depth, increases temperatures, and reduces wave action, all of which favor cyanobacteria and floating plants. Thus, the interaction between water loss and eutrophication will enhance the loss of biodiversity and ecosystem services.
In Doñana, reductions in groundwater discharge due to groundwater extraction (Guardiola-Albert and Jackson 2011) have further increased nutrient concentrations in surface waters, promoting cyanobacteria and an Azolla invasion (Espinar et al. 2015) . Reduced flow rates and shallower waters also favor expansion of this floating fern.
J Dealing with uncertainty
To establish critical levels for stressors that affect ecosystems, scientists must first comprehensively understand their interactions, feedbacks, and thresholds (Figure 2 ). Some responses of ecosystems to changing stressors may not have thresholds ( Figure 2a) ; as key variables increase or decrease, there is a gradual decline in services. In many cases the precise character of the response and 
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Panel 1. Examples of severe degradation and collapse of protected wetlands in the Mediterranean region
Although wetland degradation occurs in a variety of biogeographical regions, we concentrate on threatened wetlands in the Mediterranean region ( Figure 5 ), where Doñana is located. Information sources are provided in WebTable 1.
Tablas de Daimiel in Castilla la Mancha in Spain (Ramsar Site since 1982 and National Park)
Drainage for cultivation since 1900 and pumping for irrigation since 1960 resulted in the loss of a large floodplain system in central Spain. Tablas de Daimiel is what remains but was mostly dry from the 1980s until 2010, when it switched from a groundwater discharge zone into a recharge zone and experienced underground peat fires. Its hydrology is now semi-artificial, with dams constructed to retain water; during dry periods water is sometimes supplied from other catchment areas via special channels. Water quality has deteriorated severely; six of nine native fish species have been lost, and alien carp have greatly reduced cover of submerged vegetation. Waterbird abundance and diversity have been severely reduced, and major mortalities due to botulism are a frequent event associated with poor water quality. Since 2010, a series of wet winters has led to some recovery of groundwater levels.
Lac Ichkeul in Tunisia (Ramsar Site since 1980, National Park and UNESCO World Heritage Site)
This lake has been seriously affected by hydrological changes in the five main inflowing rivers, four of which have been dammed since 1984, reducing inputs to the lake by up to 75%. In the past, water flowed from the lake to the sea; however, after these hydrological changes, seawater often flowed into the lake during dry periods. As a result, salinity increased to 37 g L −1 in summer, causing a major reduction in the cover of dominant vegetation (Potamogeton and Scirpus). Subsequently, the number of wintering waterfowl -for which this site was largely protected -was reduced by one-half, with even greater reductions in herbivorous waterfowl. In recent years, there has been partial recovery due to provision of minimal outflows from upstream dams, and effective management of a sluice gate connecting the lake with the sea.
Lake Koronia in Greece (Ramsar Site since 1975)
Since 1975, excessive groundwater extraction for irrigation and industrial purposes has shifted the lake -once the fourth largest in Greece -to a negative water balance. Surface area decreased from 47 to 17 km 2 and maximum depth dropped from 8.5 to 0.8 m. Nutrient inputs from agriculture and industry caused hypertrophy, and the lake has shifted from auto trophy to heterotrophy with massive cyanobacterial blooms. Fish and piscivorous birds were eliminated by 2004. Major waterbird mortality events are now common.
Azraq Oasis in Jordan (Ramsar Site since 1977)
The Azraq Oasis formerly covered up to 26 km 2 and was the most important wetland in the region, with 350,000-500,000 wintering waterfowl. It was sustained by a large basalt aquifer and by winter rains. Groundwater pumping for irrigation and to supply the capital city Amman began in 1963 but escalated during the 1980s and 1990s, causing the water table to drop by about 25 m, with rapid wetland shrinkage. Previously permanent pools and marshes dried out completely in 1990
Figure 5. Examples of protected wetlands under threat in the Mediterranean region. Based on an image from Google Earth.
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Creating a safe operating space for wetlands the positions of possible thresholds are uncertain. Occasionally, even the key stressors threatening the system may be unknown, such as when pharmaceutical contaminants from runoff or wastewater accumulate in aquatic ecosystems (Arnold et al. 2014) . Often, different stressors and their thresholds interact in ways that are as yet not fully understood. The toxicity of aquatic contaminants such as metals or pesticides varies strongly with temperature in laboratory settings. Little is known about these effects in the field, where there is usually an assortment of multiple contaminants likely to interact, although "chemical footprinting" is a feasible means of identifying safe boundaries (Posthuma et al. 2014) .
Clearly, the combination of uncertainty and the complexity of potential interactions make thresholds dynamic and challenging to anticipate or monitor.
Despite being one of the most studied ecosystems in Spain, Doñana is no exception when it comes to uncertainty in its response to climate change and other stressors (WebPanel 1). However, action is undoubtedly needed to reduce water extraction and nutrient loading to avoid ecosystem collapse under predicted climatechange scenarios. For many other protected wetlands around the world, uncertainty will be relatively greater because monitoring activities are often limited (eg restricted to waterbird counts).
Panel 2. Major threats to iconic wetland ecosystems -the example of Doñana
Doñana National Park (DNP) is a UNESCO World Heritage Site at the center of one of the most important wetland complexes in Europe (WebPanel 2), in the delta of the Guadalquivir River in southwest Spain. Although covering 54,252 ha, the DNP is associated with a 260,000-ha hydrological catchment ( Figure 6 ).
The DNP contains what remains of a larger seasonal marsh system known as the "marismas del Guadalquivir", formed in a similar manner to the Mississippi River delta but on a smaller scale; as siltation filled the gaps between dynamic river channels or levees with impermeable clay, there was a transition from a tidal marsh to a pluvial and fluvial marsh. More than 80% of the original marsh surface area has been transformed since 1920 (Mendez et al. 2012 ). The marsh is fed by direct precipitation and surface runoff from a network of seasonal streams and is relatively isolated from the main Guadalquivir River. Given the hot, dry summers, evapotranspiration rates greatly exceed precipitation for much of the year, and the marshes dry out from July until rains arrive in autumn or early winter. To the southwest, the marshes are separated from the Atlantic Ocean only by a major deposit of aeolian sands, including a mobile dune system (Figure 6 ). These sands contain 3000 temporary ponds (WebPanels 1 and 2). Both the marshes and dune ponds are under severe threat from human activities in the surrounding areas.
Streams feeding the marsh are dependent on groundwater discharge, which has declined markedly in the past 30 years due to the drilling of wells to supply strawberry and other farms. Within the park's catchment area, unlicensed greenhouses occupy more than 6000 ha and there are over 1000 illegal groundwater-extracting wells. Flow rates entering the marsh from the most important stream (the Rocina) declined by 50% in two decades as a result of groundwater extraction (Guardiola-Albert and Jackson 2011) . Extraction rates are 90 hm 3 (cubic hectometers) per year on average, representing 45% of the total aquifer recharge (Custodio et al. 2009) .
Pollution has increased due to urbanization within the catchment area, and seasonal influxes of agricultural workers have contributed to greater inputs of wastewater to the streams.
Surrounding marshes have been drained and converted to grow rice, cereals, or sunflowers, while many of the streams that fed the remaining marshes have been diverted. Phosphorus loads from the catchment have increased in the past 20 years (WebFigure 3) owing to urban and agricultural runoff, facilitating an invasion of the alien fern Azolla filiculoides ( Figure 6 ). Doñana is also threatened by metal pollution resulting from intense mining activity in mountains to the north since ancient Roman times, and especially since a mine spill in 1998 (Mendez et al. 2012) .
Expansion of Matalascañas beach resort (created in the 1960s) exacerbates overextraction of groundwater. New highways and golf courses have increased visitor numbers and extraction levels. The closest DNP ponds lie 600 m from this resort, and by the year 2000 two of them had dried out as groundwater levels dropped (Serrano and Zunzunegui 2008) . and 1994, when most aquatic vegetation was lost. Many waterbird species have gone extinct. Four of eight fish species have gone extinct in the wild, including the endemic Aphanius sirhani. Collapse of the ecosystem had a major impact on tourism, agriculture, and the local communities. After a restoration project began in 1994, 10% of the original water input was returned by reverse pumping, reflooding less than 20% of the original wetland.
Sultansazligi in Turkey (Ramsar Site since 1994, Wildlife Reserve since 1971)
The Sultan Marshes covered 176 km 2 including two lakes. Groundwater pumping, direct extraction of water from the lakes, and construction of three dams in the catchment area have caused rapid degradation since 1988, with a major decline in water quality due to fertilizers and pesticides. Infrastructure was created to irrigate a total of 525 km 2 . Drastic hydrological changes have led to the drainage of freshwater into the saline lake, and the drainage of saline water into the freshwater marshes. From 1980 to 2003, lake areas declined by 93% and marsh areas declined by over 50%, with the entire wetland system drying out in 1990-1991 and 2000-2002 . Waterbird populations have collapsed, and breeding populations of the globally threatened marbled teal and white-headed duck have disappeared.
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As climate change is projected further into the future, there is greater uncertainty about its rate and characteristics as well as the effects of stressors such as water extraction or nutrient loading. For wetlands, the uncertainties related to changes in precipitation are particularly important. In southern Europe, for example, most climatic models predict decreases in precipitation, which will intensify threats from competing water demands, but some models predict increases (Nieto and Rodriguez-Puebla 2006) . Although highly uncertain, the rate of projected sea-level rise will have important consequences for coastal wetlands such as Doñana. In addition, when considering the boundaries of the safe operating space for wetlands, an increased likelihood of extreme climatic events such as droughts or hurricanes adds to this uncertainty.
As a precaution, in light of this inherent uncertainty, the boundaries of the safe operating space should be defined well below estimates of critical thresholds for key variables (Figure 2a ). To maintain ecosystems -even those under the influence of climate change -within this space, managers should create objectives that strictly adhere to these boundaries (Figures 2b and 3) .
J Implications for research, monitoring, and management
Implementing management through the safe operating space concept will require radical changes in existing research and monitoring programs. To date, research is mostly focused on understanding the effect of single stressors. For instance, although a current EU European Framework Directive defines safe maximum concentrations of nutrients and pollutants in freshwater systems (Sánchez-Montoya et al. 2012) , scientists need to understand how different stressors interact. Preliminary research is starting to reveal important interactions, but a systematic effort -including adjusting the focus of experimental studies and re-examining numerous existing datasets -will be necessary to map critical levels of interacting stressors. Meanwhile, monitoring programs should be redesigned to ascertain how far the system is from critical transitions such as a shift to dominance by cyanobacteria or floating plants. In addition to classical monitoring of species abundances and abiotic conditions, scientists should monitor indicators of resilience. Across complex systems, emerging studies are demonstrating how the distance to a threshold is reflected in generic alterations of spatial and temporal patterns, reflecting loss of resilience (Pace et al. 2015; Scheffer et al. 2015b) . These methods make use of high-resolution time series and spatial information that was once difficult to obtain, but can now be collected relatively inexpensively using automated sensors and satellite-based data. In the future, we expect further tools to be developed, such as e-DNA.
The challenges of managing a safe operating space go beyond technical issues alone. Wetlands are part of a complex interconnected social-ecological system. 
